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6
The drastic reduction of the Arctic sea ice over the past 40 years is the most glaring evidence of 7 climate change on Planet Earth. Among all the variables characterizing sea ice, the sea ice volume is 8 by far the most sensitive one for climate change since it is decaying at the highest rate compared to 9 sea ice extent and sea ice thickness. In 40 years the Arctic Ocean has lost about 3/4 of its sea ice 10 volume at the end of the summer season corresponding to a reduction of both sea ice extent and sea 11 ice thickness by half on average. From more than 16000 km 3 , 40 years ago, the Arctic sea ice summer 12 minimum dropped down to less than 4000 km 3 during the most recent summers. Being a 13 combination of Arctic sea ice extent and sea ice thickness, the Arctic sea ice volume is difficult to 14 observe directly and accurately. We estimated cumulative Freezing-Degree Days (FDD) over a 9 15 month freezing time period (September to May each year) based on ERA Interim surface air 16 temperature reanalysis over the whole Arctic Ocean and for the past 38 years. Then we compared 17 the Arctic sea ice volume based on sea ice thickness deduced from cumulative FDD with Arctic sea ice 18 volume estimated from PIOMAS (Pan Arctic Ice Ocean Modeling and Assimilation System) and from 19 the ESA CRYOSAT-2 satellite. The results are strikingly similar. The warming of the atmosphere is 20 playing an important role in contributing to the Arctic sea ice volume decrease during the whole 21 freezing season (September to May). In addition, the FDD spatial distribution exhibiting a sharp 22 double peak-like feature is reflecting the Multi Year Ice (MYI) versus First Year Ice (FYI) dual 23 disposition typical of the Arctic sea ice cover. This is indicative of a significant contribution from the 24 vertical ocean heat fluxes throughout the ice depending on MYI versus FYI distribution and the snow 25 layer on top of it influencing the surface air temperature accordingly. In 2018 the Arctic MYI vanished 26 almost completely for the first time ever over the past 40 years. The quasi complete disappearance 27 of the Arctic sea ice is more likely to happen in summer within the next 15 years with broad 28 consequences for Arctic marine and terrestrial ecosystems, climate and weather patterns on a 29 planetary scale and globally on human activities. 30 31
1/ Introduction

32
It is well recognized that the Arctic Sea Ice extent and thickness decreased drastically over the past 33 40 years as shown by Earth observing satellites and as reported extensively by many scientists. Over 34 the past 20 years the amount of scientific publications regarding Arctic sea ice evolution and 35 behavior over hours to decades at local, regional, and pan-Arctic scales, is exceptional. This is so 36 because among several major elements of the Earth climate system, the actual Arctic sea ice decline 37 is one of the most representative characteristics of climate change. In the past, the main aspect 38
The Cryosphere Discuss., https://doi.org/10.5194/tc-2019-2 Manuscript under review for journal The Cryosphere Interim surface air temperature reanalysis. In addition we will extend the inter-comparison to the 75 ESA Cryosat-2 satellite measuring sea ice freeboard in order to infer sea ice thickness at the pan-76
Arctic scale for the past 10 years (since the launch of Cryosat-2). 77
Based on the ERA Interim air temperature reanalysis at 2m altitude over the Arctic Ocean since 1979, 78 we calculated the number of cumulative FDD each year from September to May the following year. 79
From cumulative FDD we estimated sea ice growth (thickness) during the whole freezing season 80 based on empirical (Anderson [1961] ) and theoretical (Maykut [1986] An important aspect concerns the net sea ice production that is the balance between the sea ice 113 production during the freezing period (the black curve on Figure 1 ) and the sea ice ablation during 114 the melting season (the green curve on Figure 1 ). 115
It is interesting to compare the net ice production from year to year that we estimated (Figure 2a ) by 116 considering sea ice growth during the freezing period extending for about 9 months (from September 117 to May) overlapping with sea ice melting from May to September for about 5 months. This is 118 equivalent to the sea ice maximum reached each year in April-May minus the sea ice maximum 119 reached in April-May the previous year ( Figure 2a ) and/or to the sea ice minimum reached in 120
September each year minus the sea ice minimum reached in September the previous year ( Figure  121 2b). The main result is that even if winter sea ice production and summer sea ice melting are both 122 slightly increasing (black and green curves on Figure 1 ), the mean difference (that is the net 123
The Cryosphere Discuss., https://doi.org/10.5194/tc-2019-2 Manuscript under review for journal The Cryosphere the net sea ice loss in summer was -11821 km 3 with a mean value of -303 km 3 per year (Figure 2b) . In 127 addition to the long-term trend, the net sea ice volume production, Figure 2a and 2b revealed a 128 strong inter-annual variability, an order of magnitude higher than the long-term trend. 129
Interestingly, Figure 2a and expected/) in order to explain the combination (interaction) between "the hill" (the long-term 142 downward trend) and "the bumps" the internal (natural) variability of Arctic sea ice over the past 35 143 years. PIOMAS estimations related to sea ice volume (rather than sea ice extent) are highlighting this 144 important aspect of a strong natural (internal) variability with a 7-year periodicity superimposed on a 145 smooth long-term trend due to increasing global temperatures of anthropogenic origin (Gillett et al. 146 [2008] . 147
Averaged projection from 30 CMIP5 models that can better reflect the observed sea ice volume 148 climatology and variability indicated that the September sea ice volume minimum will decrease to 149 3000 km 3 in the early 2060s based on a medium GHG emission scenario according to Shu et al.
150
[2015] and Mi-Rong Song [2016] . But this will drop to the same value (3000km 
]). 180
We took advantage of the 2m air temperature produced by ERA-Interim at a spatial resolution of 181 0.75 degree and a temporal resolution of 6 hours from which we calculated the daily average. Then 182 we eliminated all the data South of 60°N and all the data on land (i.e. equal and above 0 m altitude) 183 using ETOPO2v2c_f4 topography. Furthermore we only considered data between September and 184
May the next year for the entire period extending from 1979 until 2018. 185
FDD and ERA Interim 186
We calculated the number of cumulative FDD for each ERA-interim grid cell over the whole Arctic 187
Ocean down to 60°N and during 39 years from 1979 until 2018. Cumulative FDD are progressively 188 increasing days after days and month by month from September to May each year. 189
The air temperature Ta at 2m altitude is provided by ERA Interim every 6 hours for each ERA interim 191 grid cell. We calculated Ta daily average and then we estimated the cumulative FDD for each ERA 192 interim grid cell by integrating the difference between sea water freezing temperature Tf = -1.7°C 193
and Ta from September 1 to September 30 (1 month), then from September 1 to October 31 (2 194 months), then from September 1 to November 30 (3 months) etc…. until we covered the whole 195 freezing time period lasting for 9 months from September to May each year. 196
We also calculated the surface (km ). This is 274
The It is remarkable to note (Figure 10a and 10b) It should also be mentioned that a thin layer of snow on top of sea ice is reducing the difference 292 between FDD and PIOMAS sea ice volume estimates as shown on Figure 11 . A 5cm snow layer is 293 increasing very significantly the importance of the linear term in Equation (5) and is producing less 294 sea ice volumes quite comparable to those obtained from the linear relationship previously 295 introduced ( Figure 3 ) and shown on Figure 11 . It is remarkable to note the excellent fit between the 296 PIOMAS and the FDD linear relationship for estimating sea ice volume for recent years involving not 297 only the long-term trend but also the strong inter-annual variability component. On Figure 11 we 298 also represented an FDD based relationship including a 10cm deep snow layer on top of sea ice. In 299 that case, the sea ice volume, very sensitive to the snow layer depth, was leading to an excessive 300 reduction of the sea ice volume. Regarding the Anderson's experimental relationship introduced on 301 Figure 3 , it was based on a limited time period (1 month) for cumulative FDD limited to a maximum 302 range of 2000 FDD. Clearly the Anderson's experimental relationship is not appropriate for a much 303 longer time frame as the one we considered in this paper (up to 9 months) and corresponding to 304 much higher cumulative FDD values (6000 FDD range). 305
The so called "snow ice" process was recently observed in the Arctic Ocean. It resulted from a 306 refrozen thick snow layer flooded by sea water on top of sea ice. Due to an excessive snow load on 307 top of ice floes, a thick snow layer following abundant snow precipitation in a wetter Arctic is 308 reducing the freeboard of ice floes to zero and/or even to negative values. This process is only 309 affecting certain regions of the Arctic but not the whole Arctic Ocean. In this paper we are 310 considering the large scale effect of a thin snow layer on top of sea ice involving a positive freeboard 311 and no "snow ice" effect. 312
PIOMAS, FDD and Cryosat-2 sea ice volume intercomparison 313
Finally we compared PIOMAS and FDD sea ice volume estimates together with Cryosat-2 (Figure 12 ) 314 based on results published by Tilling et al. [2017] . In fact FDD based sea ice volume maximum are 315
The Cryosphere Discuss., https://doi.org/10.5194/tc-2019-2 Manuscript under review for journal The Cryosphere Discussion started: 15 January 2019 c Author(s) 2019. CC BY 4.0 License. surprisingly similar to Cryosat-2 estimates and at the same time very consistent with PIOMAS 316 estimates as previously described. However we observed a few differences. As mentioned before, 317 FDD sea ice volume starts from 0 each year since ice thickness H = 0 at t = 0 in contrast with Cryosat-318 2 and PIOMAS taking into account the old ice (MYI) remaining at the end of each summer season (or 319 early fall) in the Arctic Ocean. But due to MYI's recent collapse, Arctic sea ice volume estimations 320 based on FDD, PIOMAS and Cryosat-2 are now converging. We previously mentioned that the sea ice 321 volume maximum is reached in May for FDD based sea ice volume estimations compared to April for 322 both PIOMAS and Cryosat-2 due to some sea ice melting overlapping with sea ice freezing still active 323 in May. But overall the three approaches are giving remarkably similar results. As already mentioned, 324 due to melt ponds on the ice in the melt season which confuses the sea ice thickness retrieval, 325
Cryosat-2 is not able to reliably estimate sea ice thickness (and volume) during the melting season. 326
4/ Discussion
327
First of all, it should be clearly stated that our choices for ERA interim (surface air temperature) and 328 PIOMAS (Arctic sea ice volume estimations) are purely arbitrary. There are other potential choices of 329 course and a useful and interesting additional work would be to evaluate and to inter-compare 330 several other options since they are all affected by some intrinsic biases and errors (Jakobson et al.
[2012]). For simplicity we did not want to open a new section by inter-comparing different data set 332
and co-evaluating various models. We cited references providing indications about the relevance of 333 the data set (ERA Interim) we chose and the numerical model (PIOMAS) we selected. The novelty of 334 this paper is the application of the old FDD concept to an up to date data set (ERA Interim) and an 335 inter-comparison with a well known numerical model (PIOMAS) and modern technologies (altimeter 336 on board the ESA Cryosat-2 satellite). All the numbers presented in this work are considered relevant 337 in a relative rather than absolute sense. 338
In this paper we applied the cumulative FDD concept to ERA interim air temperature at 2m altitude 339 above sea ice, in order to evaluate Arctic sea ice volume formed during the freezing season at a pan-340
Arctic scale and over the past 40 years. The important point concerns the cumulative aspect applied 341 to FDD calculations over a long period of time (up to 9 months). The cumulative concept is also used 342 for estimating ice accretion on top of glaciers or ice caps located on a continent based on snow 343 accumulation over the Fall-Winter-Spring season at surface. In case of sea ice, the cumulative FDD 344 are responsible for sea ice formed at the base of the ice instead of snow accumulation on top of a 345 glacier for ice over land. In contrast it is well recognized that the snow accumulating on top of sea ice 346 is slowing down the formation of ice at the base of sea ice rather than contributing to ice growth in 347 case of glaciers and inlandsis. 348
The Arctic sea ice thickness distribution in space and time directly inferred from the FDD reveals the 349 typical double peak distribution characterizing the Arctic FYI versus MYI disposition. However, to our 350 biggest surprise, a single peak sea ice thickness distribution appeared in 2018 for the first time ever The strong inter-annual variability superimposed to the long-term trend is remarkably similar 376 between cumulative FDD-based sea ice volume estimates and PIOMAS in particular for the most 377 recent years. Pan-Arctic sea ice volume inferred from cumulative FDD is quite comparable to Arctic 378 sea ice volume estimated from PIOMAS and also from Cryosat-2 for the past 7 years when the 379 amount of MYI was particularly low. A remarkable 7-year oscillation appeared in the 40 years 380 PIOMAS sea ice volume time series. According to Swart et al. [2015] , this oscillation could be 381 interpreted as an analogy to a "ball bouncing down a bumpy hill." The "hill" would represent the 382 long-term decline of Arctic sea ice and the "bumps" the natural internal variability of Arctic sea ice. 383
This 7-year oscillation still needs further investigation. 384
It is clear that the long-term Arctic sea ice volume decrease revealed by PIOMAS, is due to an 385 asymmetry between sea ice formation (accretion) during the freezing period and sea ice ablation 386 during the melting period. Over the past 40 years, the annual mean net ice production was negative 387 (-300 km 3 per year), accounting for a total loss of more than 10000 km 3 of Arctic sea ice for the past 388 40 years. According to FDD based sea ice volume estimations, half of the total sea ice loss concerns 389 FYI and the other half concerns MYI according to PIOMAS. 390
An asymmetry was also identified by Bathiany et al. [2016] "On the potential for abrupt Arctic winter 391 sea ice loss". Estimating sea ice formation during the freezing season starting in September and 392 lasting for about 9 months until April-May the following year, is as important as estimating Arctic sea 393 ice melting from May to September every year. The long-term decrease of Arctic sea ice is not only 394 due to a warmer and longer summer season but also to a milder and shorter freezing time period. 395
The new sea ice formed every year during the freezing time period has slightly increased, but not as 396 much as the sea ice that has melted away during the melting season. This is compatible with milder 397 (warmer) winters producing more FYI mainly due to more open water and thinner ice after a steeper 398 ice decrease in summer. Figure 10a indicates the sea ice loss was much larger during the winter 399
The summer by now, it should take no more than 12 to 15 years to melt away the remaining 25% of sea 432 ice still resisting the summer melt. Accordingly a blue Arctic should appear in summer 2030-2035 433 much sooner than predicted from CMIP5. The IPCC AR5 concluded that it is likely the Arctic would be 434 reliably ice-free in September by 2050 assuming high future GHG emission scenarios. Here "reliably 435 ice free" meant five consecutive years with less than 10 6 km 2 of sea ice extent. The expected 436 outcome is that the long-term decline in Arctic sea ice extent, thickness and volume will continue as 437 global temperatures increase. There will be a further "ball bouncing down the hill" effect (both up 438 and down) and consequently there will be few years becoming ice-free in summer during the 2020s, 439 2030s or 2040s depending on future GHG emissions impacting on the Arctic sea ice long-term trend 440 and on the natural (inter-annual) variability as well. 441
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5/ Summary
